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ABSTRACT
An in-depth investigation of a Silica Gel rotary desiccant air conditioning system is
presented. The performance features of the Silica Gel mass transfer wheel, which is the
primary component df the system, was measured with an experimental system capable of
generating a wide range of process and regeneration air conditions. The rotary desiccant
~ ,
system is tested against two different theories; the method of characteristics and a
numerical approach. Results from the theoretical calculations are compared to the data
taken with the desiccant testing apparatus. The numerical approach is used in the
modeling of a complete desiccant air conditioner. The method of characteristics appears
to be good for only a small range of conditions, generally for low values of specific
capaciti~s. The numerical approach appears to predi~e trends well, though sometimes
with some very large errors. Desiccant air conditioning systems with lower regeneration
temperatures in general may be better since they minimize the excess carry over heat.
Lastly, as expected it appears that at "hot" and "humid" conditions the desiccant air
conditioning system has significant advantages over a vapor compression system air
conditioner.
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1. INTRODUCTION
The high cost of nonrenewable energy sources has accele~ the research
pertaining to systems that may be used in conjunction with the standard refrigeration
devices in use today. Chlorofluorocarbon emissions have been reported to destroy the
stratospheric ozone layer due to the chemical interactions in the stratosphere. Industry.
has begun to look for refrigeration systems with increased energy efficiency that may use
alternative processes that are less likely to effect the environment. Due to these and
other reasons desiccant based cooling systems are proving to be an attractive alternative
to the traditional CFC based air conditioning. The desiccant based system processes
atmospheric air by removing moisture from the air to a desired level and then cooling it
by using a heat exchanger, along with some evaporative cooling. Desiccant based
systems offer good energy efficiency and nonpolluting operation for many different
applications.
1.1 Desiccants and their Sorption Properties
Most materials have desiccant properties, that of attracting and capturing
.-- ---moisture from air until its vapor pressure is in equilibrium with the surrounding air. This
process of removing the moisture from the air is known as sorption, which is associated
with a sensible heat rise of the air equivalent to the latent heat of the water vapor
removed from the air. There are two types of sorption, adsorption, where the desiccants
chemical nature is not changed, and absorption, where the chemical nature of the
desiccant is changed. Desiccants attract moisture because of an electric field created at
the surface of the particles. The field is not uniform in either force or charge, and attracts
the polar water molecules that have a net opposite charge and continue to do this until
the entire surface is completely covered. The desiccant has open empty spaces between
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the molecules of the adsorbent/absorbent called capillaries and they continue to fill with
water as the vapor condenses. Therefore, the capacity of the desiccant is not just
dependent upon the desiccant chemical properties, but on the total surface area, total
volume of the capillaries, and the size of the capillaries' diameters [1].
All desiccants work on the principle of moisture transfer driven by the vapor
pressure difference between the air and the desiccant. If the desiccant is cool and has a
low moisture content it attracts the moisture from the air until its vapor pressure is in
equilibrium with the air. The desiccant must then be regenerated to a vapor pressure
larger than the surrounding air, where the desiccant will begin to release the moisture.
An increase in temperature at the surface of the of the desiccant increases the vapor
pressure and causes this process to occur. The desiccant is then cooled to a low enough
temperature to allow it to be returned so as to attract the moisture from the surrounding
air once again. This process is identified in Figure 1.1.1 as described by ASHRAE
Fundamentals Handbook [1].
o
10 C
o
~__---120C
InCI'BBSlng Desslcant -----~>
Moisture Content
Figure 1.1.1 Desiccant Sorption and Regeneration Process[1]
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Though there are several different types of desiccant dehumidification systems,
rotary solid dehumidification has the widest amounts of potential applications. The
rotary dehumidifier has high heat and mass transfer rates relative to its size, weight, and
cost. The desiccant wheel has a honeycomb internal matrix of a base material with a
desiccant material impregnated on its surface. The wheel may be loaded with either an
absorbent or adsorbent material. However, if the absorbent wheel would ever come in
contact with saturated air the absorbent material may fail and change its chemical nature
permanently under severe conditions. Wheels made of the adsorbent silica gel, are
proving to be most effective for the rotary dehumidifier applications.
. 1.2 Desiccant Air Conditioning
The typical vapor compression refrigeration system uses a large amount of
energy to decrease humidity and temperature of air. Such a refrigeration system cools
the moist air below its dew point to start condensation of the water vapor in the air. The
air may be cooled further along the saturation line removing water in the fonn of liquid
while further decreasing the air temperature. Since the air temperature at this condition is
well below the desired value, air from the typical vapor compression refrigeration systems
require the addition of heat. Psychrometries, in Figure 1.2.1, provide an approximate
picture of how the moist air properties are changed through the use of a typical vapor
compression refrigerating system.
4
88Mlble cooling
Drybulb Temperature
Figure 1.2.2 Typical Vapor Compression Refrigeration Cycle
Desiccant refrigeration utilizes a more direct method of reaching a desired level of
cooling and dehumidification as shown in Figure 1.2.3. The air is ftrst dehumidified to
the desired level by the desiccant with an undesirable Jrise in temperature. This rise in
temperature equals the latent heat equivalent of the .moisture removed together with an
additional amount of energy required to cool the desiccant to a low enough temperature
where it is ready to be used again. The hot dry process air is ftrst cooled by a heat
exchanger and is further cooled with a tickle evaporator. The heat exchange wheel is
then cooled by the incoming regeneration air, and this preheated regeneration air will be
heated further until the desired regeneration temperature is reached. The air used for
desiccant regeneration air is pumped out while, the process air is piped back to the
conditioned area. These processes may be identified in the following Figure 1.2.3(b).
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Process
In
Process
Out
Tr1c1d9
Evaporator
Heat Exchanger
Da8lccant Wheel
Wheel
(a)
~~
HeBl_ger ~~ ~
(6) .....- ...--...
G)
Trickle evaporator
". cooling 3),~-----iII @
Heat exchanger cooDng
Drybulb Temperature
(b)
Figure 1.2.3 Desiccant Air Conditioning (a) apparatus (b) cycle [2]
6
In some instances, if the process air temperature is well above the desired value, ,the air
I
may then be cooled further with the aid of a vapor compression cycle refrigeration
system. The waste heat from the compressor might provide enough energy to regenerate
the desiccant wheel if the right conditions exist
As described above, there are several important differences between the two
refrigeration cycles. The desiccant cycle requires no "additional energy" for reheating as
may be required by the vapor compression cycle. For example, if a dry cool condition is
required, it is more advantageous to use the desiccant air conditioning system. A small
CFC or HCFC system can be used with a desiccant ~~stem to aid in further cooling.
I" Also, used in conjunction with the vapor compression system under high humidities the
desiccant would further increase the systems efficiency. In many applications the vapor
compression system will drop the temperature of the air below its' dew point temperature
~
causing a thin film of water to condense on the condenser coils. This film of water will
then cause an insulating effect between the air an the refrigerant causing the system to
expend more energy. The desiccant system lowers the humidity to the desired level
preventing the temperature to drop below the dew point temperature. The desiccant
system has several advantages over the vapor compression system under high moisture
removal conditions, but the advantages are not likely to be significant under hot-dry
conditions.
1.3 Survey of Literature
The rotary dehumidifier is governed by heat and mass transfer conservation
equations for its performance characteristics. Effectiveness(E) is one of the parameters
describing these relations and is currently used in designing and comparing thermal
systems. Effectiveness is the ratio of the actual.heat/mass transferred to the maximum
-7
theoretically possible heat/mass transfer. Effectiveness is a function of capacitance of the
rotating whe~ Mr), the capacitance's of the "h~t" and "cool" fluids (Cmax' Mmax
and Cmin, Mmin' respectively), the convective coefficients(hA's), and a parameter
defmed as the number of transfer units (NTUt amd NTUm) [3]. Though the equations in
determining the effectiveness are relatively simple, the closed form solution has proven to
be somewhat difficult Thus, calculations of effectiveness have relied mainly on
numerical method and finite difference solutions.
One of the earliest analysis's performed on the periodic flow heat exchanger was
done by Coppage and London [3] and continues to be the model for much of the work
since then. The analysis involves two basic differential equations describing the energy
generated by the flow and the energy stored in the fluid equal to the energy that will be
stored in the matrix. The first of the two equations represents the "hot" stream and the
second equation would then be representative of the "cold" stream. A unique· solution
occurs for the special case of Cr/Cmin=oo, and will not be applicable for small values of
Cr/Cmin. Coppage and London [3] derived a steady state theory from the fact that a
single temperature characterizes the state of the fluid temperature at a section. This
assumption resulted in a peripheral temperature distribution enabling Coppage and
London [3] to solve the energy equations. The values resulting from temperature
dist:riPution are close to the values obtained with the numerical method and finite
difference techniques.
Lamberston [4] devised a numerical approach to solve the effectiveness of
periodic flow systems. The analysis involved dividing the wheel into elements of time to
evaluate the equivalence of heat transferred by the fluid to that stored in the matrix and
then deriving the temperature distribution Coppage and London [3] had approximated.
The streams' conditions are assumed to be known at the wheel's inlets, and one assumes a
8
same results.
matrix temperature at a specific time in the wheels rotation. The temperature at end of
,
the rotation is then calculated mpnerically using the basic energy equations of Coppage
and London [3]. If the assumed temperature is correct it would then have equaled the
calculated temperature since the wheel had made one rotation and is back to its original
position. This condition has been c811ed the "reversal condition" and has been utilized by
other workers. However, if the calculated temperatures were not the same as the
assumed temperatures, the calculated value would then be used as the new assumption
and the procedure would be repeated until the two temperatures were equal and the
"reversal condition" is met
An analytical solution instead of a numeric or approximate solution of a periodic
flow system has been performed by Romie [5]. The differential equations have the same
derivation originally performed by Coppage and London [3]. However, the temperature
distribution is solved by a Bessel function yielding a summation series as a solution. The
effectiveness can then be solved for by the equations derived by Coppage and London [3]
or as an integral temperature difference. Both the theories above give practically the
~l
Madaine-cross and Banks [6] predict the performance of a rotary heat and mass
exchanger analytically using the method of characteristics. The method of characteristics
predicts the performance of a rotary dehumidifier using the concept of combined Fi
potentials and combined specific capacities 'Yi. This method replaces the energy and
moisture contents of the air stream and desiccant with the characteristic potentials Fi and
'Yi. The heat and mass transfer equations are then reduced to two sets of equations and
are analogous to heat transfer alone in periodic flow heat exchanger. The Fi functions are
Riemann invariants of the mass and energy conservation equations and are analogous to
temperature in the heat transfer analogy. Associated with the Fi potentials are the
9
characteristic potentials 'Yi which are analogous to the ratio of matrix to fluid specific heat
in the heat transfer analogy. Madaine-cross and Banks [6] have developed the Fi
potential and specific capacity ratio 'Yi charts for air-water vapor with calcium chloride,
lithium chloride, and lithium bromide: Jurinak [2] utilized their work and has produced Fi
. ~
potential and specific capacity ratio 'Yi expressions and charts for Silica Gel with air-water
vapor. The Fi potentials and specific capacity ratios 'Yi will yield a solution based on finite
transfer coefficients and will model the process side of a rotary dehumidifier exactly.
-,~ ......._-.,....,
Van Den BuIck, Mitchell, and Klein [7] have utilized a shock wave theory to
model dehumidifiers. The state properties on the regeneration side of the dehumidifier
vary discontinuously in time and space making the method of characteristics an unreliable
solution. Therefore, to model the dehumidifier's performance they have applied the shock
wave theory proposed by Lax [8] and expressed the conservation of energy and mass
accordingly. The wave analysis models an ideal humidifier exactly utilizing both the
method of characteristics and shock wave theory. The ideal dehumidifier equations are
then combined with dimensionless transfer coefficients presented by VanDen Bulck [9]
to provide a set of relations in determining the effectiveness. The effectiveness is
presented as a function of NTU's and is capable of predicting individual trends of the
rotary dehumidifier..
1.4 Thesis Objectives
The primary focus of this investigation is toward the understanding of Silica Gel
rotary desiccants cooling systems. One of the objectives will be to collect experimental
data on the Silica Gel desiccant system. The experimental data collection and the
performaJ1ce correlation's are done on a scaled down Silica Gel desiccant model. The
experimental system has controlled inlet temperatures and humidity on both the process
10
and regeneration air streams. The outlet state temperatures and humidity ratios are
measured. The data collected is then compared to the theoretical data calculated.
The theoretical performa,nce of a Silica Gel desiccant is calculated using the
theories presented earlier. Performance of the desiccant system is measured based on the
effectiveness, energy input into the system, and cooling capacity. Besides looking at the
desiccant system's own performance, the system is also be compared to an equivalent
vapor compression system, the intent being to determine if the desiccant system has a
significantly larger energy efficiency over the typical vapor compression refrigeration
systems.
Computational prediction of the performance of the desiccant systems using the
data collected on the experimental apparatus is also described here. A theoretical
calculation procedure has been established using the basic conservation equations of mass
and energy and is, also described here. Lastly, a summary of recommendati9ns and
conclusions are included at the end of the study.
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- 2. EXPERIMENTAL SYSTEM AND TECHNIQUES
2.1 Experimental Apparatus
The experimental system consists of two blowers pulling the air (and water-vapor
mixture) through the system. The primary component of the system consists of a Seibu
Giken desiccant wheel with a motor pulley assembly. The components are all connected
with Polyvinyl Chloride (PVC) pipe 102 millimeters (4 inches) in diameter. Figure 2.1.1
below depicts the basic components of the experimental system.
Housing and
seals
Deslccan
wheel
___ Motor-pully
assembly
Blowers
Figure 2.1.1 Experimental Desiccant Testing Apparatus
The system uses two Dayton blowers (model 4C108) operating at 3450 rpm that
are powered by a one horsepower Dayton fan (model 5K90IC) and blower motor. The
blowers have a maximum flowrate of 0.378 cubic meters per second (800 scfm) at a static
pressure of 203.3 millimeters of H20 (8 in. of H20). However, the flowrate on each air
stream is controlled through a damper capable of limiting the flow of each blower to
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approximately 0.009 cubic meters per second (19 scfm). The dampers permit the use of
multiple mass flowrates and mas~ flowrate ratios in the system.
The desiccant wheel and motor-pulley assembly are at the heart of the system. The
wheel was manufactured by Seibu Giken and is 322 millimeters (12.7 in.) in diameter and
400 millimeters (15.7 in.) length. The wheel is driven by a Panasonic variable speed motor
and controller. The wheel consists of Silica Gel coated triangular passageways along the
length of the wheel. The wheel spins on its axis and air is passed through the ~
passageways. The desiccant collects moisture from the air water vapor mixture as it
flows through these passageways. Figure 2.1.2 below depicts some details pertaining to
the wheel.
axis
1
Total dry weight 11.97 kg
Desiccant weight 9.04 kg
Density of gel 1131 kg/m3
Specific heat 921 J/kg
1.-T a.166nm
airflow
--- passageway
Figure 2.1.2 Experimental Desiccant Wheel Dimensions and Parameters
The desicc~t wheel is equipped with an aluminum housing interconnected with
seals. Rubber seals prevent air leakage on either side of the wheel. The seals also prevent
the intermixing of the two streams at the wheel's top and bottom. The rubber seals
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contain a Teflon coating to prevent wear and minimize the coefficient of friction between
the wheel and rubber seals. The housing also has a stationary process chamber (manifold)
that delivers air-water vapor mixture to be dehumidified to the desiccant wheel. It
contams a regenerative chamber (manifold) delivering "hot" air to reactivate the desiccant
wheel. The flow area of the process side is twice as much as the regenera~on side. The
housing and seals permit negligible leakage to affect the mass and energy balance of the
system.
The desiccant test system also contains apparatus3s on both the process air stream
and regeneration stream to measure and control the air-water vapor mixture entering the
system. Both streams measure the temperature with an Omega (modeI5TC-TT-K-20-36)
K-type thermocouples 0.813 millimeters (0.032 in.) in diameter, and a Tegram (model
821) microprocessor thermometer. Air is humidified with two Autoflow steam
humidifiers (model SU-20) capable of producing steam at 2.95 kg/hr (6.50 lbm/hr). The
steam humidifiers allow the system to generate any desired humidity level by controlling
the power input of the humidifier heaters with a Staco Energy Products variable
transformer (model 3PN1520). The steam humidifier schematic is shown below in Figure
2.1.3.
+--- steam
outlet humidified
air
. . ~. ..
.... .
•. , ", . ··0 •.
." .. ".. .: _., ..
I,' :.: ... ~.--: :
shutoff float
valva
Figure 2.1.3 Steam Humidification
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Other instrumentation is discussed elsewhere in relation to the air stream location.
2.2 Regeneration Stream
The regeneration stream consists of the instruments mentioned above and a few
more components. The regeneration stream is fIrst heated with a Seibu Giken heater
containing 4 heaters capable of generating 2 kilowatts of power each. One of the heaters
is connected to a variable transformer (240 volt 30 amp) GE Volt Pac (model 9T92451)
allowing the heaters to be controlled for any desirable temperature. The Seibu Giken
heater schematic is given below in Figure 2.2.1 The heated air is then humidified to the
desired level with the steam humidifIer and the temperature and humidity'level are
measured using a wet and dr~ bulb thermocouple system. The air is then passed through
the desiccant wheel to regenerate it and the flow rate is measured with a Dwyer Hot Film
Velocimeter (model 64070). The velocimenter is capable of measuring air flow velocities
up to about 5 mls. The velocimeter's schematic is shown in Figure 2.2.2. The
regeneration air is exhausted to the outdoors after measuring the humidity and
temperature with a wet and dry bulb thermocouple system. Figure 2.2.3 is a schematic of
2 kilowatts of
power to each
heaterl heated ouUBt
air
the regeneration air stream.
4 finned tube bank heaters I i~IBtSIr(3 tubes per bank)
Figure 2.2.1 Seibu Giken Heater Schematic
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---- - hot wire
1-)
Figure 2.2.2 Hot Film Velocimeter .
Hot Film
--- Velocimeter
Humidifier
Desiccant
wheel
. .
Outlet
air
!
Humidifier's
variac
! Dry bulb thermocouple
~~Wet bulb thermocouple
Figure 2.2.3 Regeneration Stream of the Experimental Desiccant
System
Control
panel
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(2.3 Process Stream
The process stream consists of many items similar to those used on the
"
regeneration side with a couple of exceptions. The temperature and humidity level of
ambient air stream are fIrst measured using the dry and wet bulb thermocouple system.
The air is then heated with an adjustable 1200 watt heater and humidifIed with steam from
an Autoflow humidifier. The air temperature and humidity levels are measured once again
with a wet and dry bulb thermocouple system just before the air enters the desiccant
wheel. The air flow rate is measured with a Pitot tube connected to a Validyne differential
pressure transducer (model DP103-10 and CD379). A schematic of a Pitot tube is shown
in Figure 2.3.1. After passing through the wheel the humidity and temperature are
measured once again before the air is exhausted to the outside through the roof. Figure
2.3.2 is a schematic of the process stream in the desiccant system.
total hB8dcp">
wloclly headmtctal head - static head
It- Pot. .. v·
Ib 2ga
airflow
Figure 2.3.1 Pitot Tube Apparatus
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OuUet
air \
Pressure
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Desiccant
wheel
6Dry-bulb thermocouple
I!l Wet-bulb thermocouple
Inlet
air
Figure 2.3.2 Process Stream of the Experimental Desiccant System
2.2 Experimental Method
Data has been obtained for an extensive range of the variables of interest. The
temperatures, flowrates, and humidity levels on both the process and regeneration streams
were varied, as well as the rotational speed of the wheel, and the flow rate of the air on
both streams. Since the number of independent parameters was rather large, data has been
collected for only some conditions of the parameters.
The measurement of humidity level and temperature has been accomplished with a
wet and dry bulb thermocouple system. The dry bulb temperature corresponds to average
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temperature of the dry air water vapor mixture. The wet bulb temperature approximates
the adiabatic saturation temperature within 0.25 °C at atmospheric pressure [10]. The
common way of determining the wet bulb temperature is to wrap a wet wick around a
thermometer. Adiabatic saturation involves adding water vapor to the air-water vapor
mixture until the moist air can no longer hold any more water. The outgoing temperature
would then be the adiabatic saturation temperature. Air flow past the wet wick evaporates
the water lowering the temperature recorded by the thermometer and this temperature has
been shown to approximate the adiabatic saturation. The wet and dry bulb temperature
system used is shown in Figure 2.4.1 below.
Drybulb
therm~
Water
Wetbulb
thermocouple
Figure 2.4.1 Wet and Drybulb Thermocouple System
ASHRAE Fundamentals Handbook [1] developed a graphical representation of the
properties of moist air based on the saturation temperature known as a psychrometric
chart. The psychrometric chart provides a relationship between specific humidity,
temperature, enthalpy, specific volume, relative humidity and, saturation temperature (wet
bulb temperature) for an air water vapor mixture.
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/Mass flowrates are measured using a Pitot tube and a hot wire anemometer. The
Pitot tube used senses the total and static head of the air flowrate in the tube. The
difference known as the velocity head is measured by a pressure transducer. The
transducer outputs an electrical voltage which is read as an increase in pressure. The
velocity head may then be converted to air velocity using Bernoulli's equation. The hot
wire velocimeter is a direct velocity-measuring instrument and displays the air velocity
directly based on heat transfer past the hot wire. Both systems are implemented in the
system and found downstream of the desiccant wheel.
The temperature and air velocity measurements may be different at other
transverse locations in the pipe. The distribution on both streams will be affected by
velocity flowrate (laminar or turbulent) as well as turns and obstructions in the piping.
The pipe must then be traversed and integrated graphically or numerically to find the
average position of the temperature and air velocity probe in the duct. The average
horizontal and vertical positions for this experimental apparatus may be found in Appendix
A.
The rotational speeds are calculated using distance and time relationships. The
wheel is allowed to rotate at a certain speed using a Panasonic speed controller. The time
for three revolutions is then measured. The rotational time for one revolution is averaged
and the rotational speed is calculated. The experiment involved a high, medium, and low
rotational speeds for a series of other parameters. The speed has a large effect on the
capacity of the wheel and will be described later.
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3. BASIC THEORY OF HEAT AND MASS TRANSFER IN DESICCANTS
The desiccant based air conditioner is modeled using the basic heat and mass
transfer equations. Here t!l~ basic assumptions and equations are discussed, and solution
methodology explained for two theories. The governing heat and mass transfer equations
are simplified with the assumptions making it possible for one to solve the equations.
Computer routines based on the incremental methodology are then implemented to
provide solutions for each system.
3.1 Performance Correlations and Assumptions
The experimental desiccant apparatus and the desiccant simulation model both deal
with a desiccant wheel as the heart of the system. The performance of the desiccant wheel
depends on several significant parameters for the overall heat and mass transferred. The
assumptions for both models use the same principles.
The heat transfer performance correlation's of the desiccant wheel are based on
heat transfer effectiveness (£t). Heat transfer effectiveness is a ratio of the actual heat
transferred to the maximum theoretically possible heat transferred. Heat transfer
effectiveness is dependent upon the thermal capacitance's of the "hot" and "cool" fluids
(Cmax and Cmin, respectively), the convective coefficients (hAt's), and a parameter
defmed as the number of transfer units (NTUt's). Knowing these parameters the heat
transferred by the desiccant wheel can be calculated.
The mass transfer performance correlations are essentially of the same form as the
heat transfer performance correlations. The processes are said to be analogous and the
heat and mass transfer relations for a particular geometry are interchangeable. The Lewis
number (Le) is the ratio of thermal and mass diffussivities or a ratio of heat transfer to
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mass transfer. The Lewis number can be evaluated for a system and utilized in calculating
one transfer process, mass or heat, knowing the other. The mass transfer, thus depends on
a mass transfer effectiveness (Em)' mass capacitance's of the "wet" and "dry" fluids (Mmax
and Mmin, respectively), the/convective coefficients (hAm's), and the number of mass
transfer units (NTUm's). The mass transfer correlations will be used in comparing the
experimental and theoretical models and for determining the outlet conditions of the
desiccant wheel.
The desiccant wheel has been modeled with several standard assumptions taken
from Van Den Bulck [9]. The following is a list of the assumptions used here:
1. The matrix is modeled as being of parallel passage form, consisting of a homogeneous
solid with constant matrix characteristics and porosity, through which an air-water
vapor mixture flows with constant velocity.
2. The state properties of the air streams are spatially uniform at the inlet of each period.
There is no mixing or carry-over.
3. The thermal and moisture capacities of the air entrained in the matrix is negligible
-
compared to the matrix and the air streams.
4. The axial heat conduction and water vapor diffusion flux are negligible in both the
matrix and the air streams.
5. The transport of water vapor occurs only through ordinary diffusion and the transport
of heat occurs only through ordinary heat conduction. Flux coupling is neglected.
6. A one dimensional approach is applied: there is no radical variation of fluid or matrix
states, and diffusion fluxes of heat and mass due to tangential gradients of matrix and
air state properties are neglected.
7. The heat and mass transfer processes between the desiccant matrix and the air stream
can be described by lumped transfer coefficients.
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8. The fluids are in counterflow.
9. The conditions are all in steady state.
These assumptions are all common for heat and mass exchanger analysis. These
assumptions coupled with energy balance equations provide the basis for modeling the
periodic flow heat and mass exchanger.
3.2 Characteristic Method for Heat and Mass Transfer
The heat and mass desiccant wheel model and analysis used below is based on the
work done by Maclaine-cross and Banks [6]. Simultaneous partial differential equations
can be written for transfer rates, conservation, and equilibrium to describe the heat and
mass transfer processes in the desiccant wheel. The theory involves an analogy to heat
transfer alone in the wheel as done by Kays and London [11] for predicting sensible heat
transferred in a rotating wheel. To include mass transfer, as in a desiccant wheel, the new
dependent variables introduced are called the characteristic potentials Fi and are analogous
to temperature, t. Associated with the Fi characteristic potentials are characteristic
specific capacity ratios, 'Yi, which are analogous to the matrix/fluid specific heat ratio. The
equations for these parameters are summarized by Bharathan, Parsons, and Maclaine-cross
[12] and are as follows:
Basic heat transfer and mass transfer equations from Maclaine-cross and Banks [6] are,
am am aw-+v-+~-=o
ae ax ae
ah ah aH
-+v-+!l-=Oae ax ae
23
(3.2.1)
(3.2.2)
where (0 is the ratio of mass of moisture to that of dry air, t is the temperature of the fluid,
VI is ratio of mass of moisture to that of the desiccant, h is the enthalpy of the moist air, H
. is enthalpy of the matrix. ,v is the sorption parameter, I..L is the ratio of desiccant mass to air
mass in the matrix, x is the distance in direction of the moist air flow, and e represents
time. The conservation equations can be combined representing h, H, and W as functions
of t and (0 alone [12],
where,
2uj =(AUh +crv+ u m)+ (-Ii [(AUh +crv+ U m)2 -4UmAUh ]1/2, i = 1,2
where, ~ =(l +Ily),i =1,2
and,
1..L = (Ci i -CioJ , i =1,2
Ci OV
(3.2.3)
(3.2.4)
(3.2.5)
For an air-water system at ambient pressures the quantities (Xi and Yi are expressed in
terms of convenient parameters derived from partial differentials [12].
U h=-(:~)h and U w=-(:~)w
are the slopes of lines of constant h and W
A=1- (aHjaW)t
(ahjaro )t
is the ratio of the heat of sorption and the enthalpy in the fluid mixture
Ci = (aHjat)w
(ahjat)Ol
is the ratio of the specific heats of the dessicant anQ the fluid mixture
l-
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oThe quantities of Fi are defined below [13],
(a~) = .(a~) .=1 2a a, ,1 ,m r ill CJ)
multiplying equation (4.2.3) by equation (4.2.6) yields [12],
then equation (4.2.6) can be rewritten as [12],
<Xi =-(:~)F"i=1,2
(3.2.6)
(3.2.7)
(3.2.8)
This indicates that a line of constant Fi is given by ai, which has been defined above in
terms of ah and am' Below are more parameters defining variables in the above equations
[12].
( at) . th .Vi = - - ,IS e sorpnon parameteraw Cll
~ =_ ex. Cll =(aW) ,is the sorbability of the dessicant
v am r
For a mixture of perfect gases ,
(aw) (aw) (amp)at CJ) = -r a; r at w
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(3.2.9)
and then defining an expression for the sorption parameter [12],
(3.2.10)
where,
From partial differentiation [12],
(3.2.11)
where,
n =1- fro , fro =1.003 (fugacity of water vapor in air )
PI
Solving equations 3.2.4 and 3.2.5 using equations 3.2.6 to 3.2.11 and the properties of the
desiccant and air yield the slope of the combined potential Fi and the specific capacity of
the combined potential Fi' ai and "Ii respectively. The initial values of a and "I are
evaluated at the points of tpi' COph and tri, ron using the above equations. The fIrst
intersection point is projected as the intersection of a line with slope of a 1 originating
from the process inlet condition and of a line with a slope of a2 originating from the
regeneration inlet condition. An incremental step is taken toward the intersection and
J'
updated values of ai'S (lIe calculated. This process is repeated until a fInal intersection
point is achieved. The fInal intersection point is actually the intersection of the F1
potential from the process inlet condition and the F2 potential from the regeneration inlet
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condition. However, Jurinak [2] approximated the Fi potentials by applying a curve fit to
the differential equations. The following is an approximation of the Fi potentials are:
F = 10 + 12 [ 2865 + 4.244 0) 0.8624 ]
I (t + 273 )1.49
F = 3+12[«( +273149 _1.1270)0.07969]
2 6360
The intersection points of the Fi potentials,
F;.,p = FI (t pi' 0) pi ) = FI,B (tB,OJ B)
F2,p =F2 (t pi ' OJ pi ) =F2,D (tD ' OJ D )
FI,r = F;. (t r I ' 0) r I ) = FI,D (tD ' OJ D )
(3.2.12)
(3.2.13)
The values of tB' tD' and 0) B' 0) D can be solved iteratively, with the above equations.
The intersection points(B,D) for the Fi potentials and specific capacity ratios 'Yi are found
in Figure 3.1.1 and Figure 3.1.2, respectively.
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Figure 3.1.1 Fi Chart for a Simplified Silica-GellWater/Air System [7]
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Figure 3.2.2 'Yi Chart for a Simplified Silica-GellWater/Air System [7]
The desiccant wheel operates at a low rotational speed making rotational speed
effects significant. The temperature and moisture effectivenesses then are weak functions
of heat- and mass- transfer coefficients. The residence time of the element of the matrix is
large compared with a typical time constant for heat or mass transfer. The transfer
effectiveness is governed by the effective capacity of the matrix. The determining factor is
a dimensionless parameter known as the capacity rate ratio. If either of the capacity ratios
for each Fi potential on the process side are much less than 1.0 then the wheel is rotating
at a low speed. However, if the capacities are approximately equal to 1.0 or much larger
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than 1.0 then the wheel is rotating at a medium speed or high speed, respectively. In the
case of the desiccant wheel, the capacity remains at a low to medium speeds. The
capacity rate ratio is determined as follows for low speeds (and approximated for medium
speeds) [12]:
Capacity rate ratio,
(3.2.14)
where,
mdd = estimated amount of dry dessican(kg)
Yli =the average specific capacity ratio
x'if =fraction of dry dessicant determined as effective
•
mp =process dry air flow rate(kg / s)
't =contact time, =3600 ,N =rotational speed(rev / hr)
(2N)
The fraction of dry desiccant determined as effective has been evaluated by first drying the
air totally. Constant moist air is then passed through the wheel until equilibrium between
the air and the desiccant has been reach. The known properties of silica gel and of moist
air allows one to calculate the effective fraction of the wheel. The desiccant wheel in the
experimental apparatus used has an effective fraction of 0.626. The average specific
capacities for low rotational speeds are determined from the specific capacities calculated
previously. The equations from Maclaine-cross and Banks [6] used are as follows:
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'Y pi is the mean of 'Yl with respect to water content ffi2 along the length of F2 line between
B and C so that,
IDcJ'Y IdO)
- ID
'Y = ---,,-8__
pi (0 _ 0)
C B
(3.2.15)
Yrl is a similar mean of 'Y1 between D and A, Yp2 is the mean of 'Y2 along F1 line between
A and B, and Yr2 is the mean of'Y2 along Flline between C and D.
The integral in the above equation is calculated using Simpson's rule. When evaluating the
intersection. point, updated values of 'Yi are calculated until an achieved condition is
reached. Each value of 'Yi is a partition in the Simpson's integral to obtain an overall
average.
The average specific capacity ratios for medium rotational speeds are evaluated
when Cp2>1 and Cp1<1. The 'integration for :ypi is found to be the mean of 'Yl over the
area ABCD on the 'Yi chart. Also, it is assumed that :yr1=ypl' The evaluation of :yj2 is
more complicated then the evaluation of Yjl. Madaine-cross and Banks [6] determined
the integration for Yj2 to be as follows:
(3.2.16)
'Y r2 may be evaluated in the same manner as the following:
(3.2.17)
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Integration of the average specific capacities are also evaluated using Simpson's rule in
evaluating local "Ii's.
The calculation for medium and low rotational effectivenesses is somewhat
different than typical heat transfer methods. The heat and mass transfer coefficients are
negligible compared to the capacities of the wheel. Therefore, the effectivenesses are
calculated for the Fi potentials of both the process and regeneration stream. The overall
effectivenesses for the experimental wheel for the Fl and F2 transfer on the process side
are calculated by Bharathan, Parsons, and Maclaine-cross[12] as follows:
(3.2.15)
(3.2.16)
The effectivenesses based on theory are evaluated somewhat differently according
to Maclaine-cross and Banks [6]. First, for low rotational speeds the effectivenesses, npi's
are equal to the capacities, Cpi'S. However, in evaluating the medium rotational speeds
the effectivenesses are approximated with a linear temperature distribution. The npi
effectiveness is equal to Cpi as in the low rotational speed if Cmax<l. If Cmin<l<Cmax
then calculation of npi is equal to the following:
(3.2.20)
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The evaluation of effectiveness provide solutions outside the range of Cpi=l. The
calculation of effectiveness using the linear temperature method has also been utilized by
Lambertson [4] in his fInite element code. This theory will be presented at a later in this
work.
The mean outlet states for the process side are calculated using the effectivenesses.
Once the effectivenesses are calculated, the determination of the outlet states is relatively
simple. The evaluation of the outlet states require the effectivenesses, points of
intersection and the following equations provided by Maclaine-cross and Banks [12]:
ipo = ia + n"p (ic - iB ) +~p (iB - iA )
mpo = (0a +nip (me - mB ) +~p (mB - (0A )
3.3 Numerical Method for Heat Transfer
(3.2.18)
(3.2.19)
A numerical approach derived by Lambertson[4] has been used to solve for the
effectiveness of a periodic flow heat exchanger. The analysis involves the equivalence of
heat transferred by the fluid to that stored in the matrix and then deriving the temperature
distribution. The temperature distribution is based on the following [3]:
"fluid phase is completely mixed at the cross section so that one
temperature characterizes the state of the hot fluid and one temperature
characterizes the state of the cold fluid at the section in question for all
times."
The numeric approach incorporates the heat transfer rate, Q, the maximum and minimum
heat capacities, Cmax and Cmin respectively, the unit of conductance fOF thermal
convection heat transfer times the area designated by the subscript hA, and the
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temperature of the fluid or matrix , inlet or outlet, depending upon the subscripts. The
subscripts denote the following:
avg= average
r= rotor matrix
i= inlet
0= outlet
n= value on side of Cmin
X= value on side of Cmax
Figure 3.3.1 displays the basic heat transfer equations that are used in deriving the
temperature distribution.
Q = Crrw.x (Txi -Txo)jNx
Q = Cr(~o - Tri )jNr
Q = (hA)x I1TavgjNrNx
I1Tavg = (Txj +Txo )j2-(Tri +Tro )j2
Nr
(a) On Side oCmax
(b) On Side otCmin
Figure 3.3.1 Typical Element on the Periodic Flow Heat Exchanger[ ]
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The heat exchanger matrix is then divided up into a mesh of elements to evaluate the
I
rotational temperature distribution. The numerical approach inputs the known inlet
temperatures flowing in the x and n directions and the matrix temperatures at the
beginning of the wheels rotation are theoretically approximated. The matrix temperatures
throughout the wheel and specifically at the end of the wheel's rotation are then calculated.
If the assumed temperatures at the beginning of the rotation are correct they would equal
the calculated temperature at the end of the wheel's rotation. However, if the
temperatures were unequal the temperatures calculated at the end of the wheel's rotation
would then be used as the next approximation for the temperatures at the beginning of the
wheel's rotation. This would be repeated until the two temperatures were equal. This
boundary condition is termed the "reversal condition" and is essential for calculating the
temperature distribution of the matrix wheel.
The theoretical temperature distribution calculated by Lamberston [4] would then
be implemented into the definition of effectiveness as calculated by Coppage and London
[3]. Coppage and London [3] derived the effectiveness from basic energy equations and
their equations describe the energy generated by the flow plus the energy stored in the
fluid and equate this to the energy that will be stored in the matrix or the energy convected
by the fluid. The equations are simplified and solved for the known temperature
distribution to evaluate an effectiveness. The effectiveness value can be used to determine
an outlet condition on either stream with the following equations.
(3.3.1)
(3.3.2)
34
The effectiveness values for a variety of thermal capacitance's, number of transfer units
may be found in Lambertson [4].
3.4 Numerical Method for Heat and Mass Transfer
The mass and heat transfer effectiveness based on theory are calculated using the
same theory presented by Lambertson [4] for the calculation of the heat transfer
effectiveness. The known inlet conditions are fIrst used to calculate the heat transfer
effectiveness. The effectiveness is then used in calculating the amount of heat added to
the process stream due to heat transfer alone. This temperature rise is derived from the
above equations previously mentioned. The mass transfer calculations uses Lambertson's
[4] effectiveness values calculated for heat transfer with the assumption that the Lewis
number is approximately equal to unity making the value of thermal NTUt equal to the
mass NTUm The corresponding values of Mmin and Mmax are set equal to the specifIc
humidity of the air-water vapor mixture times the mass flow rate of the stream. However,
in determining a corresponding value of Mr for the desiccant wheel a good approximation
of making Mr/Mmin equal to ten times the value of Cr/Cmin has been utilized.. The mass
transfer effectiveness is then calculated using the data from Lambertson [4].
The mass transfer effectiveness is then calculated using the isoster data of the
desiccant Silica Gel. The known inlet conditions of the regeneration stream yields the
percentage of water vapor mass to the total wheel mass. This percentage is known as an
isoster since it is constant with pressure. The process stream's known temperature and
specillc humidity after heat transfer yield a percentage larger and greater than the
regeneration stream. The specillc humidity level of the process stream is iteratively
decreased with a corresponding increase in temperature for the latent heat of removal of
the water-vapor from the process stream. Once the process stream's isoster is equal to the
35
regeneration stream's isoster the desiccant has reached equilibrium with the air water-
vapor mixture and no more humidity can be removed. The following Figure 3.4.1 is a
depiction of the process.
Temperature
Figure 3.4.1 Silica Gel Isosters Diagram of Lambertson's [4]Theory
The properties of Silica Gel and moist air are taken from Jurinak [2]. The
properties are defined and listed on the following page.
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MojstAir
heat of vaporization [J / kg]
enthalpy [J / kg]
saturation pressure[kPa]
where, z=374.12-t/
a =3.2437814
b = 5.86826 X 10-3
C = 1.1702379 X 10-8
d = 2.1878462 X 10-3
Water vapor
humidity ratio [kgy / kga ]
enthalpy[J / kga ]
relative humidity
Silica Gel
i", = 250268 - 2386. 5t/
iv = 1800.3t/ +2502680
-z(a+bz+cz3)
P
ws
= 22105.8 x lO t!+273.l5(I+dz)
co = 0.62198 Pwv
/ Pt-P
wv
i/ = 1004. 8t/ + co/ (1800.3t/ +2502680)
Pr=~
Pws
equilibrium isotherm r = (2.112W/ (0. 295 I89Pws /-1
heat of adsorption hs = h·iv
where, h· =1+0.2843e-10•28W
enthalpy 1= (921.096+4186.8W)t+ fJiv -is)dW
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4. BASIC HEAT AND MASS THEORY IN ATRICKLE EVAPORATOR
The trickle evaporator as mentioned before is the only "direct contact" piece of
equipment. The trickle evaporator takes the "hot", "dry" air from the desiccant wheel and
humidifies and cools the air to the desired condition. The decrease in temperature or
sensible energy loss is equal to the rise in specific humidity or latent heat required to
evaporate the water. The heat and mass transfer calculations would be simple if the
evaporator does not have packing material, due to the fact that the heat and mass transfer
areas are approximately equal in this case. However, Treybal [13] devised a solution to
evaluate the performance of an adiabatic evaporator with packing material as follows:
~ L ~
/\/\/\/\/\/\/\/\/\/\/\/\/\/\ til
sllluratlon")
CIlA1I--------"'-------j--+-~
CtJaII---------"L-~
~low1--------1
IIII
(a) (b)
Figure 4.1 Trickle Evap~rator (a) schematic (b) process diagram
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For a mass flowrate of air of Ga and volumetric mass transfer between air and a liquid
surface of ha,
•
Ga= mal Ac
hdam = volumetric -mass - transfer between the
bulk of the gas and the liquid surface
haah = volumetric - heat - transfer between the
bulk of the gas and the liquid surface
mass transfer, moisture difference between input and output streams is
integrating from inlet( state 1) to outlet(state 2),
since (Oas is constant,
In 00"" -00, =hdam L
00",,-00 2 Go
rearranging,
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(4.1)
(4.2)
(4.3)
(4.4)
(4.5)
heat transfer, enthalpy difference between input and output streams is
(4.6)
similar treatment of this equation yields,
(4.7)
Utilizing the last equation, one can calculate the outlet conditions of the trickle water
evaporated knowing the depth, frontal area, and heat transfer coefficient of the packing
material. Here also needed are the adiabatic saturation temperature and specific humidity.
The Figure 4.2 and equations (4.8) to (4.11) are the theoretical principles of adiabatic
!
saturation temperature and specific humidity.
Insulated
Figure 4.2 Schematic of the Adiabatic Saturation Process
(4.8)
or
(4.9)
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also, at saturated conditions
(4.10)
and,
(4.11)
Solving equations (4.9) and (4.11) iteratively utilizing the steam tables for water and
psychrometric chart until both equations are in agreement yields the saturated temperature
and saturated specific humidity t"and co;, respectively.
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5. COMPUTER SIMULATION OF THE DESICCANT AIR CONDITIONING
SYSTEM
5.1 Description of the Method
A desiccant air conditioning system has been modeled with a computer code. The
system has a desiccant wheel to decrease the water vapor from the process air stream.
The "hot, dry" air after the desiccant wheel is then cooled with a counterflow heat
exchanger wheel. The air temperature then is lowered and the humidity is raised to the
desired level by a trickle evaporator. If further sensible cooling of the air is required, a
vapor compression system may be added to lower the temperature but with no further
changes in the humidity level. The air conditioning system is shown in Figure 1.2.3(a).
The computer model program has been written in Microsoft FORTRAN and
consists of subroutines that predict the performance of each of the main components in the
system. The subroutines allow the user to size various components such as the heat
exchanger wheel, desiccant wheel, and trickle evaporator. Further, the model allows the
user to input any inlet condition and the desired mass flow rates and mass flow ratios. The
system predicts the outlet conditions, the amount of energy input into the system, and the
energy removed from the air-water vapor mixture. The model assumes ideal conditions
with regard to energy and mass conservation throughout the system. The assumptions
will be discussed later in the paper and will show the result to have an error less than 10
percent.
The computer model also compares the results using several standard modes of
performance. The desiccant refrigeration system is fIrst compared to other systems using
coeffIcient of perfonnance (COP). COP is determined by comparing the amount of energy
removed from the surroundings and the amount of energy input into the system [14]. A
second comparison takes a look at how much energy a typical vapor compression system
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requires to change a variety of "hot, humid" conditions to a "generally accepted
comfortable" zone. This energy is compared to what the desiccant refrigeration system
would have used to accomplish the same task. Again, for some certain conditions further
cooling by a vapor compression system may be necessary after the desiccant system to
achieve the "comfortable" condition.
5.2 Desiccant wheel
The desiccant wheel used in the model has the same dimensions and properties of
that used in the experimental apparatus. The default wheel dimensions and wheel's
triangular passageway dimensions are set to those of the experimental wheel's mentioned
above, but can be changed easily if so desired. The wheel is assumed to be a Grade 11
Silica Gel wheel. Nominal properties of Silica Gel used here are the same as those utilized
by Jurinak: [2]. Finally, the wheel's rotational speed, regeneration temperature, and mass
flow rates and ratios are also parameters that can be delivered by the user.
The desiccant wheel's performance has been calculated using the subroutine
incorporating the heat transfer correlations calculated by Lambertson [4]. It fIrst
calculates the amount of heat added to the process stream. The heat added is equal to
initial cooling of the desiccant wheel after it has just been regenerated. Then the
subroutine determines the amount of moisture removed due to mass transfer and
calculates the rise in temperature duel to the latent heat of water vapor removal. The
outlet temperature, outlet humidity, and the energy required to regenerate the wheel are
the results determined.
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The heat exchanger wheel is a periodic flow heat exchanger and has several
advantages over the typical direct-type heat exchangers. The periodic flow heat
exchanger alternately accepts and supplies heat from and to the two fluids. The periodic
flow heat exchanger consists of a thermal capacitance matrix that stores energy from the
"hot" fluid and a then releases this energy to the "cool" fluid. Kays and
London [11] summarize the advantages of the periodic flow heat exchanger over the
typical direct-type heat exchanger as follows:
o A more compact heat transfer surface can be employed.
• The heat transfer surface in general is substantially less expensive per unit of transfer
area.
• Because of the periodic flow reversal, there are no permanent flow-stagnation regions
and, consequently, the surface tends to be self-cleaning.
However, there are some disadvantages with the periodic flow heat exchanger.
• There is· some mixing of the "hot" and "cold" fluids because of leakage and carryover.
• If the fluids are at different pressures, the sealing problem is a difficult one for the -
rotary type of heat exchangers.
The most beneficial advantage, however, of the heat exchanger wheel input into the
desiccant refrigeration system would be the free energy from the regeneration stream to
cool the wheel.
The heat exchanger wheel is designed in the same manner as the desiccant wheel
discussed in the previous section.. The spiral wound, parallel-triangular passage design
uses an epoxy paper as the heat exchanger storage matrix. The heat exchanger wheel is
325 millimeters in diameter and has a depth of 201 millimeters. The properties of this
wheel are shown in the following figure.
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Specific heat of the wheel 1.339 kJ/kg-K
Figure 5.3.1 Heat Exchanger Wheel's Parameters and Dimensions
For the heat exchanger wheel, mass is not important due to the fact that no mass transfer
will take place. The speed of the wheel, dimensions of the wheel, and mass flow rates of
the two gas streams are the relevant properties in calculating the efficiency of the heat
exchanger.
The subroutine calculating the outlet conditions for the heat exchanger wheel has
also been taken from the theories of Lambertson [4]. The subroutine is essentially the
same as the one used in predicting the outlet conditions for the desiccant wheel.
However, for the heat exchanger wheel the mass transfer parameters are neglected since
no mass transfer is taking place.
5.4 Trickle Evaporator
The trickle evaporator utilizes a packing material sprayed with water as air flows
through its porous matrix. The trickle evaporator is the only part of the desiccant
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refrigeration system being a direct contact apparatus. The water is "trickled" over the
material from above, coating the entire surface with moisture. Air is then passed through
the porous material evaporatively cooling the surface and lowering the overall temperature
of both the air and the surface of the material. Below is a schematic of the trickle
evaporator used in the desiccant simulation model.
Air
Water trlck.le pan
Material matrix
Figure 5.4.1 Trickle Evaporator System
The trickle evaporator has been sized using experimental correlation's obtained
from Kays and London [11]. The data has been used to predict basic heat transfer and
flow-prediction performance. The heat transfer properties can then be correlated to
quantify the mass transfer. The trickle evaporator consists of 9.525 millimeter crossed rod
diameter, d, matrices with staggered stacking having a porosity, p, of 0.5 and transverse
pitch, Xt, of 1.571. The porosity of the matrix is the void volume divided by the total
volume and the transverse pitch is equal to the distance between tubes divided by the tube
diameter. The distance between each separate matrix is assumed to a be zero, therefore,
making each matrix of tubes touching each other. Figure 5.4.2 is a schematic of the
matrix simulated in the model.
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crossed-rod matrices
(staggered stacking)
p=O.5
d=9.525 mm
~=1.571
~- _.- - .----_.. . .~
Figure 5.4.2 Trickle Evaporator Matrix's Dimensions
The trickle evaporator subroutine is modeled as an adiabatic apparatus. The latent
energy required to evaporate the thin film of water on the material packing is set equal to
the decrease of sensible energy in the air. The air is humidified by the water vapor
evaporated off of the material packing's surface. The depth, frontal area, dimensions of
the tubes, and the arrangement of tubes are all significant in determining the desired
cooling effect and humidification of a specific process stream. However, the outlet
condition is controlled by passing some the air around the trickle evaporator. The two air
streams (bypassed and the flow through) are then reunited after the trickle evaporator and
mixed to produce the desired outlet conditions. The percentage of the bypassed air is yet
another independent parameter for the trickle evaporator model.
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6. RESULTS
6.1 Data Collection Procedures and Uncertainties
Data obtained from a series of mass transfer experiments are presented in this
section. The desiccant wheel's effectiveness had to be determined in calculating the
wheel's capacity for different rotational speeds. The effectiveness is found using the static
capacity test, which was performed using the Seibu Giken apparatus described earlier.
The static wheel capacity test yields the effective gel fraction and the effective silica gel
mass of the desiccant wheel used. The procedure involves estimating the water uptake in
the desiccant wheel from two different relative humidities. This is done by rotating the
desiccant wheel at a low speed and passing a regeneration air stream temperature of
1400 C through the desiccant at a high flow rate. The process stream is closed. The
regeneration temperature is monitored before and after the wheel until the temperatures
have become equal. At this point, the wheel is weighed and is noted as the dry wheel
weight. The wheel is then replaced in the apparatus and process stream blows air through
the desiccant at a preselected temperature. Once the temperature before and after the
wheel has become equal, the wheel is then weighed again, and the data is recorded (data
set #1). The wheel is then dried again and air is blown through the process stream at a
different temperature and humidity using the previous procedure. The wheel is weighed
again and the information recorded (data set #2). With the change in water uptake
between the two data points and the change in wheel weight between the dry wheel and
the two data points the effective silica gel fraction and effective silica gel mass can be
calculated as follows [12]:
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Dry Bulb Wet Bulb Relative Specific Humidity Water Uptake Wheel
1
2
Temp.(°C) Temp.(°C) Humidity( %) (kev/kl!ll) (kev/ke dess) Wemht(kg)
26.1 17.2 45.3 0.00873 0.222 12.75
29.7 29.7 100.0 0.02677 0.471 14.15
Table 6.1.1 Measurements of Wheel Static Capacity
11 water uptake = 0.249 kg
11 wheel weight = 1.4 kg
Effective gel mass(11 wheel weight/11 water uptake )= 5.62
Silica Gel mass= 9.04 kg
Effective gel fraction= 62.2 %
The effective gel fraction is then used in the calculation of the desiccant wheel's specific
capacity.
Heat and mass transfer balance of inlet versus outlet conditions has been attained
with an uncertainty of 10%. Instrumentation uncertainties are listed and in table 6.1.2.
Lastly, the derived parameter uncertainties based on these functions are estimated and
listed in table 6.1.3.
taO tutpararne er neer lOry
Air flow rate ±2%
Air temperature ±a.5°C
Wheel rotational speed ±1.4%
Table 6.1.2 Measurement Uncertainties
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Estimated
U taO t
Derived
P tarame er Deer IDLY
Specific humidity,m ±5.3%
Specific capacity C1n ±1O.3%
Specific capacity C2n ±1O.3%
Effectiveness n1n ±11.4%
Effectiveness n'Jn ±ll.4O/o'
Effectivegelfraction,xpff ±1O%
Table 6.1.3 Derived Parameter Uncertainties
6.2 Experimental Results
Data has been obtained covering the practical range of interest of independent
; variables; regeneration and process flow rate, inlet temperatures, and inlet humidities. In
particular, the parameters were chosen based on those used by ICC Technologies of
Philadelphia, PA. The flowrates varied from 0.016 m3js to 0.065 m3js on both the air
streams, the regeneration temperature range from 80° C to 140° C, the inlet process
temperature varied from 20° C to 35° Co, and both inlet humidities varied from as low as
30 % relative humidity to as high as 100 % relative humidity. Data has been acquired over
this range of parameters at medium and low speeds and the results are compared to
theories of Maclaine-cross and Banks [6] as well as that of Lambertson [4].
The experimental data has been compared to the theoretical results using
Madaine-cross's and Banks' effectiveness nip and n2p [6]. The typical heat exchanger
effectiveness(e) is dependent solely on the heat-transfer coefficients in comparing the
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systems. However, in a heat and mass transfer system more parameters have to be
included to describe the system. The mass and heat transfer coefficients of the process
and regeneration streams are the most significant parameters in determining the
effectiveness n1p' The mass flow ratio between the two streams and the mass and heat
exchanger matrix rotational speed are secondary, but also play an important role in
determining the effectiveness n1p' The effectiveness n2p is predominantly dependent
upon the mass flow ratio between the process and regeneration. The effectiveness n2p
also includes the effects of mass and heat transfer coefficients and mass and heat
exchanger matrix rotational speeds.
The graph in figure 6.2.1 is a comparison of experimental effectiveness data n1p
versus the theoretical data using the theories of Maclaine-cross and Banks [6]. At low
dimensionless rotational speed the theory predicts the performance of the experimental
data reasonably well. However, at higher dimensionless rotational speeds, the theory
begins to over predict the performance of the desiccant. The theory assumes a linear
dependence of the desiccant wheel performance on the dimensionless rotational speed and
this is probably why the theory disagrees with the experimental data. For dimensionless
rotational speeds greater than 0.4 the theory is not capable of accurately predicting the
performance of the desiccant wheel. This deviation may be due to the assumption that the
capacity rate ratio of the matrix is constant.
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Figure 6.2.1 Experimental Fi Transfer Effectiveness nIp vs. Maclaine-
cross's and Banks' Theoretical Effectiveness nIp
Figure 6.2.2 illustrates the experimental effectiveness n2p versus Maclaine-cross's
and Bank's theoretical effectiveness n2p [6]. Deviation between theory and experimental
data between a dimensionless rotational speed of 2 and 4 is noticeable. This is an area
where the linear portion of the theory transcends into the nonlinear portion of the theory.
The theory attempts to define this transformation, but not satisfactory. Most of the data
for this figure were found to be in the medium-speed test section and the effectiveness has
been calculated using the medium speed theories. The overall deviation may then be
explained by the linear capacity assumption of the theory in predicting medium speed test
data. However, at high dimensionless rotational speed, the theory predicts the
experimental data some what better.
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Figure 6.2.2 Experimental Fi Transfer Effectiveness n2p vs. Maclaine-
cross's and Banks' Theoretical Effectiveness n2p
Figure 6.2.3 shows the experimental effectiveness nIp versus the theoretical
effectiveness nip predicted by Lambertson's fInite difference code [4]. The theory
predicts the trends of the experimental data well throughout the entire dimensionless
rotational range presented, though the theory slightly under predicts the nip effectiveness.
This may be due to the fact that Lambertson's theory [4] assumes the wheel to have a gel
fraction of 100%. Also, the theory assumes a "generic" silica gel, where as each
experimental wheel may differ in the type of grade of silica gel used. However, the data
does show a reasonable similarity between the theoretical data and the desiccant wheel
used in the experiment, as shown in figure 6.2.3.
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Figure 6.2.3 Experimental Fi Transfer Effectiveness nIp vs. Lambertson's
Theoretical Effectiveness nIp
Figure 6.2.4 is a comparison of the experimental effectiveness n2p against
Lambertson's theoretical effectiveness n2p' The experimental data and Lambertson's data
again have the same trend, but Lambertson's theory [4] over predicts the data by as much
as 250%. Again, this might be accounted for by assuming the wheel to have a gel fraction
of 100%. Over the entire range of dimensionless rotational speeds the experimental data
is over predicted by about the same amount, double its actual value.
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6.3 Theoretical Results
The desiccant air conditioning system has been modeled on an individual
component basis as well as the entire system. The desiccant wheel, heat exchanger wheel,
and trickle evaporator have been analyzed individually at certain standard conditions. The
three systems are then combined and analyzed as to their efficiency as an air conditioning
system. The system is analyzed over several different ranges of temperatures and
humidities with different mass flow rates.
The periodic flow heat exchanger effectiveness has been calculated using the
Lambertson model [4]. The effectiveness is determined knowing the parameters such as
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Q Cmin/Cmax, NTUt's, and Cr/Cmin. The prediction of the effectiveness has been shown
for three different values of Cr/Cmin. This is due to the fact that for values of Cr/Cmin
greater than 5.0 the effectiveness changes only minimally. Therefore, the figure 6.3.l(b)
essentially is for all values of Cr/Cmin equal to infinity encompassing all the graphs with
Cr/Cmin greater than or equal to five. Figures 6.3.l(a,b,c) depict the effectiveness of the
periodic flow heat exchanger versus NTUt's for different values of Cmin/Cmax'
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Several conclusions may be drawn from Figure 6.3.1(a,b,c). First, as NTU's and
CrfCmin are increased the effectiveness is increased. Second, as Cmin/Cmax is increased
the value of effectiveness is decreased. This sort of behavior is common among most heat
exchangers and is consistent in the periodic flow heat exchange. NTU is a function of
Cmin, wheel dimensions, and flute sizes, and for a periodic flow heat exchanger [3]:
NTU=_l[ 1 ]
Cmin (1/hA) proc +(ljhA) reg (6.3.1)
The effectiveness calculated for the heat transfer wheel is also used in calculating
the heat and mass transfer effectiveness in the Silica Gel desiccant wheel also. The
processes are governed by dimensionless equations of the same form, thus yielding similar
solutions. The Cmin/Cmax parameter is analogous to Mmin/Mmax, the Cr/Cmin
parameter is analogous of Mr/Mmin, and NTUt is analogous to NTUm [16]. The
desiccant wheel is then predicted fIrst by comparing the effect of regenerating the wheel at
certain specifIc temperatures and wheel speeds. The following Figure 6.3.2 depicts theses
relationships.
58
o •
mp=fT1r::o.24 kgls
tpj=250C
"1Ji=COri= 0.016 kgvJ1<ga
105
..-.
(.)
I=' 95
<l
85
75
65
55
45
35
70 80 90 100 110 120 130 140
Regeneration Terrp.fC)
Figure 6.3.2(a) Desiccant Temperature Rise versus
Regeneration Temperature
80 90 100 110 120 130 140
Regeneration Tem~.( C)
Figure 6.3.2(b) Desiccant Water Vapor Removal
versus Regeneration Temperature
0.01
..-.
1II
~ 0.009
OJ
.:.:.
- 0.0088
<l
I
0.007
0.006
0.005
0.004
0.003
70
• • •mp=mr=0.24 kg/s
tpi= 2!f C
COpj= cori=0.016 kgvlk
s
The increase in temperature due to heat transfer and evaporation of water vapor is
linearly dependent upon regenerative temperature. Also, the change in temperature has
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little effect upon the increase in temperature as compared to the regenerative temperature.
Another noticeable characteristic shown in figure 6.3.2(b), is the decrease in water vapor
having a nonlinear dependence upon the regenerative temperature. The wheel speed has a
significant effect upon the change in specific humidity.
The following figure 6.3.3(a,b) depict the relationship of the desiccant wheel upon
inlet humidity and inlet temperature. The wheel's performance is calculated using the
theories of Lambertson [4] and the same wheel dimensions.
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Figure 6.3.3(a,b) reveal certain significant characteristics about the desiccant
wheel. The first noticeable trend may be a near linear dependence of the process streams
change in temperature against the inlet specific humidity except at low humidities. Also,
noticeable is the linear dependence of the process streams change in specific humidity with
the inlet specific humidities except at low humidities. Both can be accounted for the fact
that no water vapor is removed at specific humidities below a specific amount for that inlet
temperature and regeneration temperature.
The final component of the desiccant air conditioning system is the trickle
evaporator. Here the air temperature is lowered by evaporative cooling. The following
figures 6.3.4(a,b) show the temperature drop and specific humidity increase for a constant
mass flow rate. The trickle evaporator as mentioned earlier is essentially an adiabatic
system. The temperature drop occurring in the trickle evaporator occurs at the expense of
increasing the amount of water vapor in the air. The graphs yield a good estimate of what
the desired sensible cooling effect will be for a certain inlet temperature and humidity.
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6.4 Performance of the Desiccant Air Conditioning System
This section describes the results and analysis pertaining to the overall desiccant air
conditioning system and its effectiveness and the comparison with a typical vapor
compression air conditioning system. The desiccant air conditioning system is analyzed
for different flow rates and regenerative temperatures, and is described in terms of
variation in temperature, specific humidity, energy input into the system, and energy
removed from the process stream. The analysis also compares the coefficient of
performance (COP) for desiccant air conditioning system. Lastly, the system performance
is compared against the performance of a typical vapor compression system.
Figures 6.4.1 to 6.4.3 show the performance curves for typical conditions seen by
the desiccant air conditioning system. Figure 6.4.1 is for equal flowrates on both air
streams and a regeneration temperature of 70°C. Figure 6.4.2 gives the performance
curves where the process stream flowrate to regeneration stream flowrate ratio is 3 to 1
and the regeneration temperature is 70°C. The final set of performance graphs in figure
6.4.3 present the desiccant air conditioning system data with mass flowrate ratio of unity,
but with a regeneration temperature of lOO°e. Each of the figures for the desiccant
system consists of the change in temperature, change in specific humidity, energy input
into the system, energy removed from the process stream, and the coefficient of
performance against inlet process temperatures and specific humidities, and are presented
on the following pages.
The change in temperature attainable may be found in Figure 6.4.1(a), Figure
6.4.2(a), and Figure 6.4.3(a). In each of the figures as the inlet process temperature is
increased the drop in the outlet temperature is also increased. This is due to the fact that
the trickle evaporator evaporatively cools an air stream with a higher inlet temperature
further than one with lower inlet temperature if both have the same inlet specific humidity.
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The same is true with the inlet processes specific humidity as it is increased the, outlet
temperature drop has increased. Again similar reasoning may be used that an inlet
temperature and specific humidity can only be evaporatively cooled to its dew point
temperature. Henceforth, an inlet temperature with a higher specific humidity will of
course have a higher dew point temperature than one with a lower specific humidity. The
condition then with a higher specific humidity can be cooled further than one with a lower
specific humidity. Also noticeable from the three figures, is that system with equal mass
flow rates and a 70°C regeneration temperature has the largest temperature drop, the
system with equal mass flow rates and a 100°C regeneration temperature has the second
largest temperature drop, and a system with a 3 to 1 mass flow ratio and a 70°C
regeneration temperature has the smallest temperature drop.
Figure 6.4.1(b), Figure 6.4.2(b), and Figure 6.4.3(b) show the parameter change in
specific humidity against the inlet process temperature and inlet process specific humidity.
The increase in inlet temperature causes the drop in specific humidity to decrease.
However, as the inlet specific humidity has been increased the drop in specific humidity
increases. These both can be accounted for with the same reasoning as described earlier.
More humidity can be added to a "hot", "dry" condition than to air with "cool", "wet"
condition. The high regeneration temperature as seen in Figure 6.4.3(b) provided the
largest drop in specific humidity for all inlet specific humidities above 0.01 kgv/kga and
temperatures greater than 24°C. This is due to the fact that the wheel has more capacity
when regenerated at a higher temperature. However, at the lower temperatures and
humidities the properties of a desiccant are limited by the laws of thermodynamics and it is
very difficult to remove water vapor with "cool" , "dry" air conditions.
Figure 6.4.1 (c), Figure 6.4.2(c), and Figure 6.4.3(c) shows the energy input into
the desiccant system to achieve the a fore mentioned temperature drops and specific
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humidities. An increase in inlet process temperature causes the energy input into the
system to decrease. Also noticeable, as the inlet specific humidity is increased, the energy
input into the system decreases. Both of these conditions are the result of the heat
exchanger wheel. As the inlet temperature is increased in the heat exchanger wheel on the
"hot" side, the "cool" exit temperature will also increase. After the heat exchanger wheel
the "cool" side then enters the regenerator heater where power is inputed to heat the air to
the specified regenerator temperature. This temperature difference is then dependent
upon the temperature after the desiccant wheel. Consequently, if the specific humidity is
increased, the temperature of the process air stream after the desiccant wheel will also be
increased due to the latent heat of the condensing water vapor. Again, the "hot"
temperature is increased, in turn increasing the "cool" temperature arriving at the
regenerator heater. Looking at the figures it is obvious that most energy is required at the
high regeneration temperature, and the least at the condition where the mass flow rate is a
third of the others since power is dependent upon mass flow and the temperature
difference.
Figure 6.4.I(d), Figure 6.4.2(d), and Figure 6.4.3(d) show the heat removed from
the process stream for different inlet process temperatures and specific humidities. As the
temperature is increased, the energy removed from the system is also increased. As the
specific humidity of the inlet process stream is increased, the heat removed from the
system is increased. Again, this can be accounted for in the heat exchanger wheel. The
regeneration temperature remains at a constant temperature, and therefore the amount of
energy removed is dependent upon the temperature arriving from the desiccant wheel. The
larger the temperature difference the more heat is removed. Therefore, with higher inlet
temperatures and specific humidities, the higher the temperature after the desiccant wheel.
The higher the regeneration temperature the more water vapor removed at higher
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temperatures and specific humidities making it capable of removing the most heat from the
process stream.
The coefficient of performance (COP) is the second aspect of the desiccant air
conditioning system analyzed. The COP as used in the refrigeration industry is equal to
the energy removed from the refrigerated space divided by the energy input into the
refrigerating system. Figure 6.4.1 (e), Figure 6.4.2(e), and Figure 6.4.3(e) show a
comparison of COP for each of the different mass flowrates and regeneration temperatures
described earlier: As the inlet temperature is increased the COP also is increased. As the
specific inlet humidity is increased agaiILthe COP is seen to increase. Again, this is due to
the previously mentioned properties, and COP is dependent directly upon them. However,
the COP is highest for the low regeneration temperature and equal mass flow rates below
an inlet specific humidity of 0.027 kgv/kga ~?d highest for the low regeneration
temperature and a mass flow ratio of 3 to 1 for an inlet specific humidity above 0.027.
This is because of the fact that very little energy is expended at such a slow mass flow rate
and the wheel is capable of removing large amounts of humidity. The high regeneration
condition requires too much energy, but can contend with the other two extreme
conditions.
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Figure 6.4.1(a) Change in Temperature of Desiccant Air Conditioning System with a
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Figure 6.4.1 (b) Change in Specific Humidity of Desiccant Air Conditioning System with
a Mass Flow Ratio of 1 to 1 and a Regeneration Temperature of 70°C
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Figure 6.4.1(c) Heat Input into the Desiccant Air Conditioning System with a Mass Flow
Ratio of 1 to 1 and a Regeneration Temperature of 70°C
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Figure 6.4.1(d) Heat Removed by a Desiccant Air Conditioning System with a Mass
Flow Ratio of 1 to 1 and a Regeneration Temperature of 70°C
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Figure 6.4.1(e) COP of a Desiccant Air Conditioning System with a Mass Flow Ratio of
1 to 1 and a Regeneration Temperature of 70°C
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Figure 6.4.2(a) Change in Temperature of Desiccant Air Conditioning System with a
Mass Flow Ratio of 3 to 1 and a Regeneration Temperature of 70°C
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Figure 6.4.2(b) Change in Specific Humidity of Desiccant Air Conditioning System with
a Mass Flow Ratio of 3 to 1 and a Regeneration Temperature of 70°C
70
3qlnJXJ\ (kW)
• m,.: 0.08 kgIs2.5 '"p= 0.24 kgIs
\eg= 70· C
'n=25·C ~=0.016 kgvlkga
Ar,,=o.09rrf d=O.38m
2
1.5-t------t-"~~~~~--_+---_t_---__+---____l
HeIT(C)
3 38
0.5-j-----j------t-----r------t-....::::!Io"'""'====l:===--i
40
o-t-..........----.---,---\-....--T"""T-.--t-..,.-.,--,----.--t---r-....--,.........._t_--r-....--.,--,--+---,---r-....--..--l
0.005 0.01 0.Q15 0.02 0.025 0.03 0.035
Hel ro (kgY/1<ga)
Figure 6.4.2(c) Heat Input into a Desiccant Air Conditioning System with a Mass Flow
Ratio of 3 to 1 and a Regeneration Temperature of 70°C
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Figure 6.4.2(d) Heat Removed by a Desiccant Air Conditioning System with a Mass
Flow Ratio of 3 to 1 and a Regeneration Temperature of 70°C
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Figure 6.4.2(e) COP of a Desiccant Air Conditioning System with a Mass Flow Ratio of
3 to 1 and a Regeneration Temperature of 70°C
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Figure 6.4.3(a) Change in Temperature of Desiccant Air Conditioning System with a
Mass Flow Ratio of 1 to 1 and a Regeneration Temperature of 100°C
0.008.,.------r------,-----,----;-----,-----,
40
~p~=O.24 kgls ~og= 100'C
\i=25·C CI\i=0.016kgvlkga
2
-\-=0.09 m d=O.38 m
h1etT(C)
O-t-----t-----t--=---:
0.002_+_----+-----'
0.004-+-------'
-0.002-t-----t-----t--------4--6l
-0.006-t-----+----t------l----+----+-~--_l
-0.004+_----+----t------l----+---""'--"'~+_---__t
aco~tkga)
0.006
-0 .008;-...---,...-,.---,..-+....,..-......-,...-,.-t---,--,-......-....-i---,..--,--,--r--t--."""""T......,...--,--!-...---,.......;~--t
0.005 0.01 0.015 0.02 0.025 0.03 0.035
h1et co ~gvtkga)
Figure 6.4.3(b) Change in Specific Humidity of Desiccant Air Conditioning System with
a Mass Flow Ratio of 1 to 1 and a Regeneration Temperature of 100°C
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Lastly, in figure 6.4.4 a typical vapor compression air conditioning system with a
COP of 3 is compared to that of the desiccant air conditioning system. The systems attain
a final conditions of 21°C and 50 % relative humidity and are compared for the amount of
energy input into each system.
The desiccant system has a tremendous advantage over the typical vapor
compression at high humidities. The system offers substantial energy savings to achieve a
specific humidity and temperature. As seen in Figure 6.4.4 below cooling with the vapor
compression system above a specific humidity of 0.0135 kgv/kga can be expensive. The
high initial (capital) cost of the vapor compression system would be in addition to the
additional heating required to achieve the specific temperature. The desiccant air
conditioning systems provide a thermodynamically direct route to produce the desired
cooling effect and therefore makes it a more efficient cooling device.
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'5 trt=25°e (Ort= 0.016 kgvlkgae-O'- 6 2 d=O.38 mArr=0.09m
5 Vapor compression system
•~=0.24kglS
4 eOP=3.0
34 3632
3
26 28
2
0.02550.02050.0105 0.0155
~nlet(kgvlkga)
Figure 6.4.4 Heat Input into a Desiccant Air Conditioning System and a Typical
Vapor Compression System with a COP of 3.
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7. CONCLUSIONS
A desiccant air conditioning system consisting of a desiccant and heat transfer
wheels and a trickle evaporator has been described. This desiccant system perfonnance is
compared in its performance to that of a traditional vapor compression air conditioner.
The system has been modeled with two different theories by Maclaine-cross and Bank: [6]
and Lamberston [4], and the individual component performances are compared to actual
experimental data. A model based on Lambertson's data is then used to compare the
effectiveness of a desiccant based air conditioning to that of a vapor compression with a
COP of 3.0. This study of the desiccant based air conditioning system has revealed
several significant facts. The following is a summary of the significant conclusions
reached in this study.
1. The desiccant based air conditioning system's data has been characterized for
low-speed and medium-speed test data. The rotation of the wheel for a desiccant based
air conditioning system is slow enough to indicate that the effectiveness is mostly
governed by the capacity of the matrix and less so by heat and mass transfer rates.
2. The Maclaine-cross's and Banks' theory [6] appears to be go09 for only a small
set of conditions. The theory has failed for capacity rate ratios (Cl) greater than 0.5 and
capacity rate ratios (C2) between 2 and 4. The model failed in these regions due to a
linear approximation of the specific capacities for medium-speed test data. Furthermore,
the accuracy in predicting the effectiveness in the other regions was less than 15% for
most cases. The effective gel fraction, Xeff, ratio could have had a large effect on this
error.
3. The Lambertson theory [4] predicts the trends of the experimental data, but
was in error as high as 250% of the actual value. The overprediction resulted in a higher
exit temperature and higher exit specific humidity, for the most part, as compared to the
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actual data. Thus the Lamberston theory [4] may be used as a conservative model for the
desiccant based air conditioning system.
4. The theoretical model calculations allowed certain insights into the desiccant
based air conditioning system. A desiccant based air conditioning system with a low
regeneration temperature and equal mass flow rates results in the most advantageous
outlet conditions.
5. A lower regeneration temperature may be better since it would not add to the
excess heat carried over by the desiccant wheel, looking at the desiccant wheel as a heat
transfer process solely. A lower regeneration mass flow rate did not allow the wheel to
absorb enough water vapor making the heat exchanger wheel and trickle evaporator
ineffective.
6. The higher regeneration temperature does perform a little better at the high
humidities and high temperatures than the lower regeneration temperature,. but not by a
significant margin.
7. The desiccant based air conditioning system is compared to a vapor
compression system with a COP of 3.0 in achieving a comfortable condition of 21°C and
50% relative humidity. The desiccant system outperformed the vapor compression for all
inlet specific humidities greater than 0.0135 kgv/kga. At an inlet temperature of 40°C the
desiccant system required less energy than the vapor compression system for all specific
humidities greater than 0.0125 kgv/kga.
8. Thus, it appears at "hot" and "wet" conditions the desiccant based has a
significant edge over the vapor compression systems used today.
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Appendix A*
* The air tempterature and velocity data were taken from Christine Granda in an ME
110 undergraduate project.
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TEMPERATURE
DATA
PROCESS REGENERATION
VERTICAL VERTICAL
DISTANCE (IN) TEMPERATURE (F) DISTANCE (IN) TEMPERATURE
0 89.4 0 118
0.5 95.8 0.5 145.4
1 97.4 1 148.5
1.5 98.2 1.5 149.7
2 98.3 2 152.2
---'2.5 98.3 2.5 154.4
3 98.8 3 155.4
3.5 100.1 3.5 154.9
4 100.4 4 153.5
HORIZONTAL HORIZONTAL
DISTANCE (IN) TEMPERATURE (F) DISTANCE (IN) TEMPERATURE
0 88 0 1~7.4
0.5 94.3 0.5 140.6
1 95.2 1 149.2
1.5 97.6 1.5 152.7
2 98.7 2 153.8
2.5 98.3 2.5 154.9
3 99.7 3 155.7
3.5 100.7 3.5 154.6
4 89.4 4 152
.:;
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DISTANCE (IN)
0.33
0.66
0.99
1.32
1.65
1.98
2.31
2.64
2.97
3.3
3.63
PROCESS
VERTICAL
PRESSURE (IN H20)
0.15
0.22
0.23
0.235
0.23
0.22
0.21
0.21
0.2
0.15
0.1
HORIZONTAL
PRESSURE (IN H20)
0.185
0.225
0.23
0.235
0.235
0.23
0.23
0.23
0.225
0.205
0.125
PITOTTUBE
READINGS
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DISTANCE (IN)
0.33 ~
0.66
0.99
1.32
1.65
1.98
2.31
2.64
2.97
3.3
3.63
DISTANCE (IN)
0.33
0.66
0.99
1.32
1.65
1.98
2.31
2.64
2.97
3.3
3.63
REGENERATION
VERTICAL
PRESSURE (IN H20)
0.305
0.34
0.34
0.33
0.33
0.325
0.32
0.315
0.32
0.32
0.315
HORIZONTAL
PRESSURE (IN H20)
0.22
0.265
0.28
0.295
0.29
0.29
0.295
0.31
0.31
0.315
0.32
VELOCITY
FROM PITOT
READINGS
U=66.85*PRES A .5
PROCESS REGENERATION
VERTICAL VERTICAL
DISTANCE (IN) VELOCITY (FT/S) DISTANCE (IN) VELOCITY (FT/S)
0.33 26.06 0.33 37.16
0.66 31.56 0.66 39.23
0.99 32.27 0.99 39.23
1.32 32.62 1.32 38.65
1.65 32.27 1.65 38.65
1.98 31.56 1.98 38.36
2.31 30.83 2.31 38.06
2.64 30.83 2.64 37.76
2.97 30.09 2.97 38.06
3.30 26.06 3.30 38.06
3.63 21.28 3.63 37.76
REGENERATION
PROCESS HORIZONTAL
HORIZONTAL
DISTANCE (IN) VELOCITY (FT/S) DISTANCE (IN) . VELOCITY (FT/S)
0.33 28.94 0.33 31.56
0.66 31.91 0.66 34.63
0.99 32.27 0.99 35.60
1.32 32.62 1.32 36.54
1.65 32.62 1.65 36.23
1.98 32.27 1.98 36.23
2.31 32.27 2.31 36.54
2:64 32.27 2.64 37.46
2.97 31.91 2.97 37.46
3.30 30.46 3.30 37.76
3.63 23.79 3.63 38.06
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Process Stream Vertical Pitot Tube Dispalcement
j=l 26.06(ft/s)n/2(O.l67(ft)2_0.139(ft)2)=0.351 (ft3/s)
j=2 31.56(ft/s)n/2(0.139(ft)2_0.112(ft)2)=0.336(ft3/s)
j=3 32.27(ft/s)n/2(0.112(ft)2_0.084(ft)2)=0.278(ft3Is)
j=4 32.62(ft/s)n/2(0.084(ft)2_0.057(ft)2)=0.197(ft3Is)
j=5 32.27(ft/s)n/2(0.057 (ft)2_0.029(ft)2)=0.122(ft3/s)
j=7 30.83(ft/s)n/2(0.057(ft)2_0.029(ft)2)=0.117(ft3/s)
j=8 30.83(ft/s)n/2(0.084(ft)2_0.057 (ft)2)=0.184(ft3Is)
j=9 30.09(ft/s)n/2(0.112(ft)2_0.084(ft)2)=0.259(ft3Is)
j=10 26.06(ft/s)n/2(0.139(ft)2_0.112(ft)2)=0.277(ft3Is)
j=ll 21.28(ft/s)n/2(0.167(ft)2_0.139(ft)2)=0.286(ft3/s)
I,=2.408(ft3Is)
:n =0.00749(lbm/ft3)x2.408(ft3Is)+0.00749(lbm/ft3)x31.56(ft/s)nO.028(ft)2
.
m=0.0186(lbm/s)
Q=O.0186(lbm/s)/0.00749(lbm/ft3)
Q=2.49 ft3Is
Vavg=2.49 ft3/s/[nO.l67 (ft)2]
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Vavg=28A ftls
Process Stream Horizontal Pitot Tube Displacement
j=1 28.94 (ft/s)nI2(0.167(ft)2_0.139(ft)2)=0.390(ft3/s)
j=2 31.91(ft/s)nI2(0.139(ft)2_0.112(ft)2)=0.340(ft3/s)
j=3 32.27(ft/s)nI2(0.112(ft)2_0.084(ft)2)=0.278(ft3Is)
j=4 32.62(ft/s)nI2(0.084(ft)2_0.057(ft)2)=0.195(ft3/s)
j=5 32.62(ft/s)nI2(0.057(ft)2_0.029(ft)2)=0.124(ft3Is)
j=7 32.27(ft/s)nI2(0.057 (ft)2_0.029(ft)2)=0. 122(ft3Is)
j=8 32.27(ft/s)nI2(0.084(ft)2_0.057 (ft)2)=0.193(ft3/s)
j=9 31.91(ftls)nI2(0.112(ft)2_0.084(ft)2)=0.275(ft3Is)
j=10 30A6(ft/s)n/2(0.139(ft)2_0.112(ft)2)=0.324(ft3Is)
j=11 23.79(ft/s)nI2(0.167(ft)2_0.l39(ft)2)=0.320(ft3/s)
L=2.560(ft3/s)
:n =0.00749(lbm/ft3)x2.560(ft3Is)+0.00749(lbm/ft3)x32.27(ft/s)nO.028(ft)2
.
m=0.0198(lbm/s)
Q=O.O198(lbm/s)/0.00749(lbm/ft3)
Q=2.64 fG/s
Vavg=2.64 ft3/s/[nO.167 (ft)2]
Vavg=30.1 ft/s
Regeneration Stream Vertical Pitot Tube Displacement
j=1
j=2
j=3
j=4
j=5
j=7
j=8
j=9
j=lO
37.16(ft/s)nI2(0.167(ft)2_0.139(ft)2)=0.500(ft3Is)
39.23(ft/s)nI2(0.139(ft)2_0.112(ft)2)=OAI8(ft3Is)
39.23(ft/s)nI2(0.112(ft)2_0.084(ft)2)=0.338(ft3Is)
38.65(ft/s)nI2(0.084(ft)2_0.057 (ft)2)=0.231(ft3Is)
38.65(ft/s)nI2(0.057(ft)2_0.029(ft)2)=0.146(ft3Is)
38.06(ft/s)nI2(0.057(ft)2_0.029(ft)2)=0.144(ft3Is)
37.76(ftjs)nI2(0.084(ft)2_0.057 (ft)2)=0.226(ft3Is)
38.06(ftls)nI2(0.112(ft)2_0.084(ft)2)=0.328(ft3Is)
38.06(ft/s)nI2(0.139(ft)2_0.112(ft)2)=OA05(ft3Is)
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j=fl 37.76(ftls)rc/2(0.167(ft)2_0.139(ft)2)=0.508(ft3Is)
I,=3.244(ft3/s)
:n=O.00749(lbm/ft3)x3.266(ft3/s)+O.00749(lbm/ft3)x38.36(ftis)rcO.028(ft)2
.
m=O.0250(lbrn/s)
Q=O.0250(lbrn/s)/O.00749(lbm/ft3)
Q=3.34 ft3/s
Vavg=3.34 ft3/s/[rcO.l67(ft)2]
Vavg=~8.1 ftls
Regeneration Stream Horizontal Pitot Tube Displacement
j=l 31.56(ft/s)rc/2(0.167(ft)2_0.139(ft)2)=0.425(ft3/s)
j=2 34.63(ft/s)rc/2(O.l39(ft)2_0.112(ft)2)=0.369(ft3/s)
j=3 35.60(ft/s)rc/2(O.112(ft)2_0.084(ft)2)=O.307(ft3/s)
j=4 36.54(ft/s)rc/2(0.084(ft)2_0.057(ft)2)=O.219(ft3Is)
j=5 36.23(ft/s)rc/2(O.057(ft)2_0.029(ft)2)=O.137(ft3Is)
j=7 36.54(ft/s)rc/2(0.057(ft)2_0.029(ft)2)=0.138(ft3Is)
j=8 37.46(ft/s)rc/2(0.084(ft)2_0.057(ft)2)=O.224(ft3Is)
j=9 37.46(ft/s)rc/2(0.112(ft)2_0.084(ft)2)=0.323(ft3/s)
j=10 37.76(ftls)rc/2(O.l39(ft)2_0.112(ft)2)=0.402(ft3/s)
j=11 38.06(ftls)rc/2(0.167(ft)2_0.139(ft)2)=0.512(ft3/s)
I,=3.055(ft3/s)
:n=0.00749(lbm/ft3)x3.055(ft3/s)+0.00749(lbm/ft3)x36.23(ftis)rcO.028(ft)2
•
m =O.0235(lbrn/s)
Q=O.0225(lbrn/s)/O.00749(lbm/ft3)
Q=3.l4 ft3/s
Vavg=3.14 ft3/s/[rtO.l67(ft)2]
Vavg=35.9 ftls
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Displacement
C )
Average Air
V I 't (ft/ )e OCILYI S III
Vertical Process Stream 28.4 3.11
Horizontal Process 30.1 3.32
Stream
Vertical Regeneration 38.1 2.60
Stream
Horizontal 35.9 1.10
Regeneration Stream
Table A.l Average Air Velocity Displacement
Average Air
Temperature(OF)
Displacement
(in)
Vertical Process Stream 97.4 1.00
Horizontal Process 95.8 0.92
Stream
Vertical Regeneration 148.0 1.13
Stream
Horizontal 150.1 1.13
Re~eneration Stream
Table A.2 Average Air Temperature Displacement
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